Background/Aims: Peritoneal fibrosis is a frequent complication of peritoneal dialysis that follows inflammation. It is recognized that epithelial-mesenchymal transition (EMT) of peritoneal mesothelial cells (PMCs), plays a key role in fibrogenesis. However, the relationship between inflammatory macrophages and PMCs remains elusive. In this study, we investigated the effects of different polarized macrophages on EMT of HMrSV5 PMCs. Methods: Monocytes were polarized to M1/M2 macrophages before being added to HMrSV5 in direct or indirect contact. Morphological changes of HMrSV5 were observed and toll-like receptors 4 (TLR4) on macrophage surfaces was detected using flow cytometry. EMT markers and intracellular signals of HMrSV5 cells were assessed using real time-PCR and WB. Results: The typical epithelial cell morphology of HMrSV5 disappeared after co-culture with M1 macrophages and was accompanied by decreased E-cadherin and increased α-SMA, suggesting HMrSV5 undergo EMT. These effects depended on direct contact between the two cells, as indirect contact or co-culture with M2 macrophages had no effect. Intriguingly, we found TLR4 surface receptors were activated on sorted M1 cells in co-culture, and related signal adaptors, such as TRIF, were obviously upregulated. Conclusion: Direct contact with M1 macrophages induces EMT of PMCs, during which TRIF-dependent TLR4 signaling pathway was activated.
Introduction
Continuous ambulatory peritoneal dialysis (CAPD) is a renal replacement therapy for patients with end-stage renal disease (ESRD). Compared with hemodialysis (HD), CAPD has shown several advantages in the continuous removal of waste products and retention of residual renal function that result in higher quality of life. Unfortunately, recurrent peritonitis and progressive peritoneal fibrosis (PF) ultimately lead to ultrafiltration failure. Patients with PD-related complications have to quit dialysis after several years of therapy [1] .
Chronic inflammation plays a key role in peritoneal fibrosis. Macrophages are tissue sentinels that maintain tissue integrity by eliminating or repairing damaged cells and matrices. In addition, macrophages exhibit a range of phenotypes, a phenomenon that has been described as macrophage polarization or heterogeneity [2, 3] . The 'classically' activated M1 macrophage expresses pro-inflammatory cytokines such as IL-1, TNF-a, and IL-6. In contrast, the alternatively activated M2 macrophage produces anti-inflammatory molecules [4] [5] [6] . Distinct macrophage phenotypes contribute to kidney injury and repair [7, 8] . However, the function of macrophages in the inflammatory microenvironment during PD is still unknown.
Epithelial-mesenchymal transition (EMT), a process in which epithelial cells lose their epithelial phenotype and acquire fibroblast-like characteristics, also plays a crucial role in PF [9] . In this process, epithelial cell markers such as E-cadherin are diminished, while mesenchymal cell markers such as α-SMA are upregulated. Our previous study demonstrated that monocyte infiltration could directly induce proximal tubular EMT [10] , but there is no direct evidence that monocytes/macrophages regulate EMT in PMCs.
Toll-like receptors (TLRs) are important in immune response and are primarily expressed on macrophages. Of these receptors, TLR4 has been the most-studied in macrophages polarization and peritonitis [11, 12] . It is suggested that TLR4 signaling augments TGF-β synthesis and is implicated in fibrogenesis [13] . Some studies have also demonstrated that TLR4 contributes to the resolution of postinflammatory fibrogenesis [14] . To observe the effect and mechanism of different polarized macrophages on EMT of PMCs, we established a cell co-culture model in the present study. Our results suggest that M1 macrophages induce EMT of PMCs through the TLR4 signaling pathway.
Materials and Methods

Cell lines and culture conditions
Human peritoneal mesothelial cells (HMrSV5) were cultured in DMEM (Hyclone, Logan, UT, USA) supplemented with 10% heat-inactivated fetal calf serum (FCS; Invitrogen, Carlsbad, CA, USA) and 100 U/ml penicillin/streptomycin (Invitrogen). THP-1 cells, originally derived from human monocytic leukemia, were grown in suspension culture in RPMI 1640 medium (Hyclone) supplemented with 10% FCS and penicillin/ streptomycin. Cells were incubated at 37°C in 5% CO 2 , and the culture medium was replaced every 2 days. All experiments were carried out 24-48 h after cells were seeded in culture plates. Cells were permitted to attach for 24 h and to grow to 75% confluence.
Differentiation and polarization of monocyte-derived macrophages and co-culture with HMrSV5 cells 5 x 10
5 /well monocytes were maintained in six-well plates and supplemented with 10% FCS and 200 ng/ml PMA (Sigma-Aldrich, St Louis, MO, USA) for 72 h to generate macrophages (labeled as M0). Cells were then washed, and the medium was replaced. Macrophages were polarized to M1 after treatment with 20 ng/ml IFN-γ (Peprotech, Rocky Hill, NJ, USA) and 100 ng/ml LPS (Sigma-Aldrich) for 24 h. M2 macrophages were generated by stimulating M0 macrophages with 20 ng/ml recombinant human IL-4 (Peprotech) for 24 h. After 4 days, M0, M1 or M2 macrophages were completely differentiated. For co-culture of HMrSV5 cells and relevant macrophages, adherent HMrSV5 cells were washed once with serum-free DMEM and detached. 1 x 10 6 /well cells were added to the macrophage monolayer. To further examine the influence of direct or indirect contact with macrophages, we constructed an indirect contact co-culture model with Transwell plates (6-well, 8-μm pore size; Millipore, Bedford, MA, USA). HMrSV5 cells were seeded on the upper chamber at a density of 5 x 10 5 cells/ml and incubated with macrophages in the lower chamber in serum-free DMEM for 24 h.
ELISA
Macrophage-secreted cytokines in the culture medium were detected with ELISA kits for human IL-6 and IL-10 (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions.
Real-time PCR
Total RNA in treated cells was extracted by TRIzol reagent (Life Technologies, Gaithersburg, MD, USA) according to the manufacturer's instructions. cDNA was then synthesized by using a reverse transcription (RT) system kit (Takara, Japan). Real-time PCR was performed on ABI PRISM 7500 real-time PCR System (Applied Biosystems, Carlsbad, CA, USA). The PCR primers were designed as follows: iNOs: 5'-AGC CTG TGA GAC GTT TGA TGT-3' 5'-TGT AGA TTC TGC CGA GAT TTGA-3'; TNF-α: 5′-TTG AGG GTT TGC TAC AAC ATGGG-3′ 5'-GCT GCA CTT TGG AGT GATCG-3'; CXCL10: 5′-CAA ATC TGC TTT TTA AAG AAT GCTC-3′ 5′-AAG AAT TTG GGC CCC TTG-3′; Arg-1: 5'-GGC TGG TCT GCT TGA GAAAC-3' 5'-ATT GCC AAA CTG TGG TCTCC-3'; CD163: 5'-CGG CTG CCT CCA CCT CTA AGT-3′ 5'-ATG AAG ATG CTG GCG TGACA-3'; a-SMA: 5 ' -GAC AAT GGC TCT GGG CTC TGTAA-3' 5'-ATG CCA TGT TCT ATC GGG TAC TTCA-3'; E-cadherin: 5'-GGA TTG CAA ATT CCT GCC ATTC-3' 5'-AAC GTT GTC CCG GGT GTC AAG-3'; TRIF:5'-CAG GAG CCT GAG GAG ATGAG-3' 5'-CTG GGT AGT TGG TGC TGGTT-3'; IRF3: 5'-CCC TCT GAG AAC CCA CTGAA-3' 5'-TGC CTC ACG TAG CTC ATCAC-3'; IKK: 5'-CTG TTC TGT GGC TGC CTGTA -3' 5'-GAG AAG CAG GTC CTT TCGTG-3'; GAPDH: 5'-GCA CCG TCA AGG CTG AGAAC-3' 5'-ATG GTG GTG AAG ACG CCAGT-3'. All mRNA quantification data were normalized to human GAPDH as an endogenous control for mRNA detection. The data were processed using the 2 -ΔΔCt method.
Western blot analysis
Total proteins were extracted from treated cells using RIPA buffer (Thermo Fisher Scientific, USA) according to the manufacturer's instructions and measured using the BCA Protein Assay Kit (Thermo Fisher Scientific). Equal amounts of proteins (25 µg/lane) were separated using SDS-PAGE and electro transferred onto PVDF membranes. The membranes were blocked with 5% BSA in TBS containing 0.5% Tween 20 (TBST) at room temperature for 2 h. Then, membranes were incubated with primary antibodies at 4°C overnight, followed by incubation with HRP-conjugated goat anti-mouse or anti-rabbit IgG secondary antibodies (Santa Cruz, CA, USA) for 1 h. Finally, signals were detected using ECL (Millipore). The primary antibodies included E-cadherin (CST, Beverly, MA, USA), α-SMA (Abcam, Cambridge, UK), TRIF (CST), IRF3 (CST), IKK (CST) and GAPDH (CST). Expression levels were normalized to GAPDH.
Flow cytometry and fluorescence-activated cell sorting (FACS)
M1/M2 macrophages were collected using centrifugation and resuspended in 200 μl of PBS. Then, cells were incubated on ice for 30 min in the dark with PE-conjugated anti-human TLR4 (eBioscience, San Diego, USA) in 200 μl of binding buffer (PBS supplemented with 5 mM MgCl2, 4.5 g/l glucose, and 1 mg/ml BSA). Cells were washed with PBS, suspended in 200 μl of binding buffer and analyzed using flow cytometry (BD FACS Aria III; BD Bioscience, San Jose, CA, USA). In the co-culture model, CD14+ (eBioscience), TLR4+ and CD14+/TLR4+ double-labeled cells were sorted. Wild M1/M2 cells were also sorted to eliminate the effect of sorting procedure on membrane receptors expression. Then, TLR4+ cells were analyzed again among the separated cells.
Statistical analysis
All data from at least three independent experiments were expressed as the means ± standard error of the mean (SEM) and analyzed using one-way ANOVA with SPSS 19.0 statistical software. Values of P < 0.05 were considered statistically significant.
Results
Successful differentiation of M1/M2 macrophages
As shown in Fig. 1A , THP-1 cells grew in suspension. Upon stimulation with 200 ng/ml PMA for 72 h, M0 macrophages were generated that adhered to the wall and had outstretched parapodia. Treatment with 20 ng/ml IFN-γ and 100 ng/ml LPS (M1) or 20 ng/ml IL-4 (M2) for another 24 h resulted in a vigorous growth of macrophages, larger cell bodies and extended parapodia. Compared with native macrophages, the expression of IL-6 was increased in M1 macrophages, and the expression of IL-10 was higher in M2 macrophages (Fig. 1B; *P < 0.05 vs. control). Furthermore, M1 macrophages showed considerably higher expression of iNOs, TNF-α and CXCL10 mRNA than native macrophages (M0) ( Fig. 1C ; *P<0.05 vs. control). The mRNA expression of Arg-1 and CD163 in M2 macrophages was significantly higher than in native macrophages ( Fig. 1D ; *P < 0.05 vs. control). These results suggest successful induction of different polarized macrophages. M1/M2 macrophages were co-cultured with PMCs.
Direct contact with M1 macrophages induced fibroblast morphology of PMCs
PMCs were grown in monoculture and then grown in direct contact with M1/ M2 macrophages. The morphological alterations were observed under phase-contrast microscopy. PMCs co-cultured with M1 macrophages developed a series of phenotypic changes including elongation, branching, and loss of cobblestone-like features. In contrast, PMCs co-cultured with M2 macrophages did not undergo significant morphological change ( Fig. 2A) .
Direct contact with M1 macrophages upregulated the expression of mesenchymal markers but downregulated epithelial markers in PMCs
We next examined whether direct co-culture with M1 macrophages altered EMT markers in PMCs. Using real-time PCR analysis, we found that the mRNA expression of the epithelial marker E-cadherin was decreased in PMCs directly co-cultured with M1 macrophages compared to PMCs in monoculture, while the mRNA expression of the mesenchymal marker α-SMA was significantly higher (Fig. 2B; *P < 0.05 vs. control). Furthermore, Western blotting showed that E-cadherin protein expression was similarly decreased, while α-SMA protein expression was significantly higher, in PMCs directly co-cultured with M1 macrophages than in native PMCs ( Fig. 2C ; *P < 0.05 vs. control). Taken together, these data strongly suggest that PMCs undergo EMT upon direct co-culture with M1 macrophages. However, both realtime PCR and Western blotting results indicated that direct co-culture with M2 macrophages did not affect the expression of EMT markers in PMCs ( Fig. 2B and C; *P < 0.05 vs. control).
PMCs failed to undergo EMT upon indirect co-culture with M1/M2 macrophages
We established an indirect co-culture model to explore the possibility that the EMTpromoting effect of M1 macrophages on PMCs in the direct co-culture model may be due to soluble factors secreted by the macrophages. PMCs were seeded into the upper Transwell chambers and co-cultured with either M1 or M2 macrophages in the lower chamber. After incubation for 24 hours, morphological alterations were observed, and relative EMT markers were detected in PMCs. Interestingly, we found that neither M1 nor M2 macrophages indirectly co-cultured with PMCs induced phenotype changes in PMCs (Fig. 3A) . Real-time PCR and Western blot analysis also revealed no significant difference in the expression of E-cadherin or α-SMA at both the mRNA (Fig. 3B ) and protein levels (Fig. 3C) between native PMCs and PMCs in the indirect co-culture model (M1 and M2). Altogether, these results suggest that cytokines or soluble factors released from macrophages are not likely responsible for EMT of PMCs.
Membrane expression of TLR4 on M1 macrophages was activated in EMT of PMCs
Cell-cell contact between M1 macrophages and PMCs induced the EMT process. Next, we used FACS to separate macrophages from the systems with or without co-culture by sorting TLR4+ or CD14+ cells (Fig. 4A) . Membrane TLR4 expression was detected in M1/ M2 macrophages from different sources (Fig. 4B) . The results showed that compared with sorted M1 cells without co-culture, M1 macrophages directly co-cultured with PMCs expressed a higher level of TLR4 on their cell surface (92.2 ± 6.5% vs 56.4 ± 7.8%, **P < 0.01), while TLR4 expression on the surface of M1 macrophages co-cultured with PMCs in transwell chambers increased slightly but not significantly ( Fig. 4C ; 68.0 ± 10.8% vs 56.4 ± 7.8%, p > 0.05). Furthermore, the percentage of TLR4+ cells did not significantly change between native and co-cultured M2 macrophages in both the direct (56.0 ± 9.8% vs 46.3 ± 10.7%, P > 0.05) and indirect contact model (54.3 ± 12.8% vs 46.3 ± 10.7%, P > 0.05) (Fig.  4C) . Thus, TLR4 was externally expressed on macrophages activated by direct co-culture of PMCs and M1 macrophages. 
Activation of TRIF-dependent TLR4 signaling pathway in M1-induced EMT of PMCs
Finally, we examined the activation of the TLR4 signaling pathway in M1 macrophages during EMT of PMCs. Real-time PCR analysis indicated that the mRNA levels of TRIF, IRF3 and IKK in sorted M1 macrophages were significantly increased compared to wild types (Fig. 5A; *P < 0.05 vs. control). Western blotting also showed increased relative protein expression in M1 macrophages that directly contacted PMCs ( Fig. 5B ; *P < 0.05 vs. control).
Discussion
Peritoneal fibrosis is the most common change observed in the peritoneal tissues of patients who undergo long-term PD therapy. The morphological change of the peritoneal 
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membrane is characterized by a detachment of the mesothelial layer, angiogenesis, a progressive submesothelial thickening with ECM deposition and an increased presence of myofibroblasts. EMT of mesothelial cells contributes to the initiation of this process and plays a reversible role. Yanez-Mo and colleagues first demonstrated that PMCs in patients with PD underwent a transition from an epithelial to a mesenchymal phenotype [15] , and the potential role of EMT in peritoneal fibrosis has been established over the last 10 years [16, 17] . Targeting EMT of PMCs is thought to be a potential therapeutic strategy for delaying PF and improving efficiency of PD.
In the context of fibrosis, it is believed that EMT begins as a pro-fibrogenic event that normally generates fibroblasts and other related cells to reconstruct tissues following inflammatory injury, but ceases once inflammation is attenuated. However, EMT can pathologically continue to respond to ongoing inflammation, eventually leading to tissue structure destruction (fibrosis) [18] . Both noninfectious and infectious inflammation can cause PF and ultrafiltration failure. Data shows that despite clinical remission, patients with PD still suffer from prolonged systemic chronic inflammation [19] . Injured PMCs and resident macrophages recruit inflammatory cells such as monocytes and lymphocytes, which secrete high levels of pro-inflammatory cytokines that could, in turn, continuously trigger an inflammatory response in the peritoneum [20] . Patients undergoing CAPD have increased levels of pro-inflammatory cytokines, including IL-1β, IL-6, TNF-α, and TGF-β, in both PD effluent and plasma [21] .
There is a strong correlation between macrophages and EMT of PMCs, however, previous studies have focused on the pro-EMT effect of different cytokines or molecules, not macrophages. Furthermore, the polarized alteration of recruited monocytes during EMT of PMCs is also unclear. Here, we showed for the first time that macrophages are involved in EMT of PMCs. We used classical methods to differentiate THP-1 human leukemia monocytes into polarized macrophages (M0 (native state), M1, M2). M1 cells expressed higher levels of IL-6, iNOs and TNF-α, while M2 cells expressed higher levels of IL-10, Arg-1 and CD163, similar to other reports [22, 23] . We demonstrated that direct co-culture of M1 macrophages and HMrSV5 cells induced a phenotypic change in HMrSV5 characterized by cell elongation, branching, and loss of cobblestone-like appearance. In addition, co-culture induced the downregulation of E-cadherin and upregulation of α-SMA in HMrSV5 cells, suggesting that M1 macrophages promote the phenotypic change of PMCs via EMT. M2 macrophages, in contrast, had no effect on EMT of PMCs.
To clarify whether the effect was induced by cytokines and other soluble molecules secreted by M1 macrophages or by direct contact between M1 cells and HMrSV5 cells, an indirect co-culture model was built using Transwell chambers. Intriguingly, our results suggested that the conditioned medium of M1/M2 macrophages had no significant effects on HMrSV5 cells. Instead of soluble factors secreted by macrophages, it is direct cell-cell contact between M1 cells and HMrSV5 cells that plays a key role in EMT.
What is the mechanism of M1 macrophage-mediated EMT in PMCs? TLR4 is a recognized inflammatory regulator and seems to participate in fibrogenesis [13] . To the best of our knowledge, no studies have addressed whether surface expression of TLR4 on macrophages promotes EMT. CD14, the co-receptor of TLR4, is also a macrophage-specific cell surface marker [24] . In the presence of inflammation, the TLR4-MD2-CD14 complex was recruited to the macrophages surface, and downstream pathways were activated [25] . In our study, wild macrophages and cells in the co-culture system were separated using FACS. The surface expression of TLR4 in M1 macrophages increased markedly when directly co-cultured with HMrSV5 cells but not in the indirect co-culture system or co-culture with M2 cells. All the above indicate that the surface receptor of M1 macrophages, TLR4, is activated during EMT of PMCs. To confirm TLR4 signaling activity during EMT of PMCs, the adaptors that facilitate TLR4 signal transduction were investigated. TRIF, one of the distinct adaptor proteins, first engages to TLR4, then transcription factor IRF3 is activated and induces the expression of IKK [26] . In the current study, direct co-culture of M1 macrophages and HMrSV5 cells upregulated TRIF, IRF3 and IKK expression on M1 cells, suggesting activation of TRIFdependent TLR4 signaling in EMT of PMCs.
Though TLR4 signaling is activated in macrophages, in this study, unfortunately, the receptors and downstream signaling change in PMCs during M1-dependent EMT is not observed, as well as the different response between M1 and M2 cells. It has been reported that several signaling pathways or growth factors (TGFβ1/Smads, Wnt/β-catenin, and Notch) participate in EMT [27] , among which TGF-β1 is the well-recognized induced factor of EMT and subsequent fibrosis [28] . Our previous studies also revealed that TGF-β1 was highly upregulated in EMT of peritoneum in vivo and HMrSV5 cells underwent EMT after treatment by TGF-β1 [29, 30] . In line with this view, several studies support that TLR4 activation regulates the TGF-β1 pathway [31, 32] . Since M1-dependent EMT of PMCs is irrelevant to the secreted cytokines, the interactions between TLR4-activated M1 cells and PMCs require elucidation.
In summary, we have identified a novel relationship between macrophages and PMCs during EMT. Specifically, it is direct cell-cell contact of M1 macrophages promotes EMT in PMCs. We also demonstrated that TRIF-dependent TLR4 signaling in M1 cells is obviously activated in this process. Further studies that aim to illustrate underlying cell-cell crosstalk between macrophages and PMCs should be performed.
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